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CROSS-REFERENCE TO RELATED APPLICATIONS 
This application claims the benefit under 35 U.S.C. §1 19(e) of co-pending and 
commonly-assigned U.S. provisional patent application Serial No. 60/429,132, filed 
November 26, 2002, by Torsten Wipiejewski, and entitled "ELECTRO- ABSORPTION 
MODULATOR WITH SEGMENTED ABSORPTION DESIGN," which application is 
incorporated by reference herein. 

BACKGROUND OF THE INVENTION 
1 . Field of the Invention. 

This invention relates to optoelectronic components, and more particularly, to a 
waveguide-based optically absorbing device. 



2. Description of the Related Art. 

(Note: This application references a number of different patents, applications and/or 
publications as indicated throughout the specification by reference numbers enclosed in 
brackets, e.g., [x]. A list of these different patents, applications and/or publications ordered 
20 according to these reference numbers can be found below in the section entitled 

"References." Each of these patents, applications and/or publications is incorporated by 
reference herein.) 

Photonic devices that absorb laser light play a critical role in modern high speed 
optical transmission systems. Examples of such devices include electro-absorption 

25 modulators, waveguide photodetectors, and semiconductor Mach-Zender modulators. In 
these devices, an electric field is applied across a waveguide layer to change the absorption 
characteristics of the semiconductor material. Normally, the waveguide is embedded in a pn- 
junction of semiconductor material to apply the field and is itself either undoped or slightly 
/7-type or H-type doped. The waveguiding properties of the device are typically controlled by 

30 fashioning the upper cladding layer into a narrow ridge. The modulators and photodetectors 
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are sometimes monolithically integrated with laser diodes, or widely tunable laser diodes. 
[1],[2]. 

If the waveguide layer is reasonably thick, the Franz-Keldysh effect causes the 
change in absorption with electric field. In the case of quantum well material, the Quantum 
5 Confined Stark effect causes the change in the absorption behavior. In both cases, the electric 
field causes an increased absorption for wavelengths below the bandgap energy. The amount 
of absorption increase depends on the applied electric field strength and the energy 
separation of the incoming light to the bandgap energy of the semiconductor. 

A constant absorption coefficient in the waveguidi layer will cause the light intensity 

10 to decrease in an exponential way as the light progresses through the device. The highest 
amount of light absorption therefore occurs at the front of the device, where the light 
intensity is highest. The absorbed light generates a photo-induced current that causes a local 
heating of the device. Because the light intensity decreases along the device, so does the 
photocurrent, and therefore also the local heating. Thus, the heating is the strongest at the 

1 5 front of the device structure. 

In a simple device design, the heat that is generated in the waveguide layer is 
dissipated predominantly into the substrate. The thermal resistance between the waveguide 
section and the substrate determines the magnitude of the temperature increase resulting from 
the dissipated electrical power. Since the dissipated power is highest at the front of the 

20 device, the temperature rise is also the highest at the front and decreases along the length of 
the device. Strong heating at the front of the device will cause a local increase of the 
absorption coefficient of the semiconductor material due to bandgap shrinkage. This increase 
of the absorption coefficient further increases the amount of light absorbed per unit length, 
creating a positive feedback effect that can significantly enhance the local temperature rise at 

25 the front of the device. [3] This feedback cycle can cause a thermal runaway, resulting in a 
catastrophic device failure. [4] Even if the device does not fail immediately, high local 
temperatures during operation can negatively impact the long term device reliability. A 
device design with a more evenly distributed light absorption would be highly desirable. 
This would result in a temperature profile that is not as strongly peaked at the device input, 

30 and in a lower peak temperature for a given optical input power. Since the peak temperature 
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limits the power handling capability of the device, such a design would also extend the power 
capability of the photodetector or modulator device under consideration. [5] 

One approach to reduce the peak temperature is to use a thick metal contact layer as a 
heat spreader. A similar approach has been employed in vertical-cavity surface-emitting 
5 laser diodes (VCSELs) to decrease the thermal resistance effectively. [6] For the waveguide 
photodetectors and modulators under consideration, the use of thick metal will help to reduce 
the peak temperature somewhat by enhancing heat flow away from the point of maximum 
generation at the input of the device. Nonetheless, values of the local temperature rise under 
operation can remain quite high, and the heat generation remains peaked at the device input. 

10 Distributed absorption devices have been investigated in the past for photodetector 

applications. These investigations were primarily motivated by the desire to reduce peak 
absorption in order to avoid carrier- screening effects that can compromise device linearity. 
However, distributed absorbers also help to reduce temperature peaking. [7] S. Jasmin, et. 
al., have demonstrated a device in which the waveguide geometry is varied along the 

15 longitudinal axis to control the optical confinement factor, and therefore the optical 
absorption. [8] Other researchers have relied on using multiple separate waveguide 
photodetectors, grouped in series or in parallel, that are connected by a velocity-matching 
electrode structure. Techniques used to control absorption in the different detectors have 
included fabricating multimode interferometers to split the light into parallel optical paths to 

20 feed separate detectors [9], or connecting series photodetectors via a resistor network to limit 
the photocurrent produced in each section. [10] 

These designs all add extra fabrication complexity to the device. In addition, many of 
the structures are only compatible with a velocity-matching traveling-wave electrode 
structure. In contrast, the present invention comprises a novel method for heat reduction 

25 through segmented absorption within a single device structure. The fabrication complexity is 
kept to a minimum, and the device is compatible with either lumped-electrode or velocity- 
matched electrode configurations. 

SUMMARY OF THE INVENTION 
30 A photonic device designed with an intermittent absorption profile along a 

waveguide. The absorption profile is divided into low-absorption and high-absorption 
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segments that are distributed axially in order to decrease the maximum local temperature in 
the device. The distribution of low-absorption segments can be controlled through 
techniques such as proton implantation or selective-area quantum well intermixing. The 
lengths of low-absorption and high-absorption segments can be adjusted to optimize heat 
5 dissipation along the device length. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Referring now to the drawings in which like reference numbers represent 
corresponding parts throughout: 
10 FIG. 1 illustrates the cross-section, along the ridge, of a device with a segmented 

absorption design. 

FIG. 2 illustrates the cross-section, perpendicular to the ridge, of a device with a 
segmented absorption design. 

FIG. 3 illustrates a plan view of a device with a segmented absorption design. 
15 FIGS. 4a and 4b illustrate the heat dissipation improvement resulting from the 

invention. 

FIG. 5 is a graph that represents the absorption coefficient in the waveguide as a 
function of position along the ridge within the device. 

FIG. 6 is a graph that represents the light intensity as a function of position along the 
20 ridge within the device, both for a standard single-segment device and a device using a 
segmented absorption design. 

FIG. 7 is a graph that shows values of temperature rise as a function of position along 
the ridge within the device, both for a standard single-segment device and a device using a 
segmented absorption design, wherein the values are calculated using a detailed numerical 
25 model. 

FIG. 8 illustrates a device with a segmented absorption design and separate electrodes 
contacting the low-absorption and high-absorption segments. 

FIG. 9 illustrates a dual-stage electroabsorption modulator in which a segmented 
absorption design is used in the first stage. 
30 FIG. 10 illustrates a Mach-Zender interferometer in which a segmented absorption 

design is used in both arms. 
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FIG. 1 1 illustrates the cross-section, along the ridge, of a monolithically integrated 
chip including a widely tunable laser and a modulator structure using a segmented absorption 
design. 



5 DETAILED DESCRIPTION OF THE INVENTION 

In the following description of the preferred embodiment, reference is made to the 
accompanying drawings which form a part hereof, and in which is shown by way of 
illustration a specific embodiment in which the invention may be practiced. It is to be 
understood that other embodiments may be utilized and structural changes may be made 

10 without departing from the scope of the present invention. 

In the present invention, the total light absorption of a waveguide optical element is 
spread axially through the use of segments in which the absorption coefficient alternates 
between a large and a small value. Light absorption, and therefore generated photocurrent, is 
high in segments with a large absorption coefficient. By inserting low-absorption or non- 

15 absorption segments, the heat generated by the photocurrent is allowed to dissipate in a more 
efficient manner, reducing the overall temperature of the device and the degree of 
temperature non-uniformity. 

FIGS. 1, 2, and 3 show cross-section and plan view schematics of a photonic circuit 
element or device 10 according to the preferred embodiment of the present invention. The 

20 device 10 generally includes a substrate 12, waveguide 14 and ridge cladding layer 16, and 
could be used as an electro-absorption modulator (EAM) or a waveguide photodetector. The 
waveguide 14 may be comprised either of a bulk material or a quantum well material. 

A photo-induced current generates heat in the device 10. In order to effectively 
decrease the heat, the waveguide 14 is divided into a plurality of different absorption 

25 segments, wherein the absorption segments 18, 20 include one or more non-absorption or 
low-absorption segments 18 and one or more high-absorption elements 20. A metal contact 
layer 22 extends on top of the implanted area of the ridge cladding layer 16 of the device 10 
in order to improve heat distribution in an axial direction along the ridge 16. The thickness 
and composition of the metal in layer 22 can be optimized for a specific design. For 

30 example, a thick gold-plated electrode might be employed to take advantage of the improved 
heat spreading capability of the thick metal. 
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The high-absorption segments 20 and low-absorption segments 18 of the waveguide 
14 may be defined using a variety of possible techniques. In one embodiment, the low- 
absorption segments 18 are defined by proton implantation into area 24 of ridge cladding 
layer 16 that lies above the low-absorption segment 18. The high-absorption segments 20 are 
5 defined by a lack of proton implantation in area 26 of ridge cladding layer 16 that lies above 
the high-absorption segment 20. The single metal contact layer 22 extends on top of the both 
the implanted regions 24 and the unimplanted regions 26 of the ridge 16. The implantation 
process causes the implanted area 24 to become highly resistive. The bias voltage of the 
metal electrode 22 can therefore only reach through to the light conducting waveguide layer 

10 14 in the non-implanted areas 26 of the device 10. It is therefore only in the segments 20 of 
the waveguide 14, lying adjacent to non-implanted cladding sections 26, that the applied 
voltage will enhance light absorption by inducing an electrical field in the waveguide 
material 14. In the waveguide segments 18, lying adjacent to implanted cladding sections 24, 
the absorption coefficient remains small. 

1 5 FIGS. 4a and 4b explain the principle advantage of the current invention. In a prior 

art device design 10 as shown in FIG. 4a, the entire length of the device 10 consists of high- 
absorption material. Optical power is absorbed throughout the ridge 16, producing 
photocurrent and therefore generating heat. Because the heat is generated everywhere along 
the ridge 16, there is very little heat flow 28 in the longitudinal direction of the ridge 16, and 

20 the heat is constrained to flow 28 out of the device 10 largely through a cross section plane 
perpendicular to the ridge 16. The heat flow 28 is effectively restricted into two dimensions. 

However, in an improved device design as shown in FIG. 4b, the light absorption 
profile is divided into low-absorption and high-absorption segments 18, 20 along the length 
of the device 10. Since little light is absorbed in the low-absorption segments 18, very little 

25 heat generation occurs there. The effect of the low-absorption segments 18 is therefore to 
break up the heat generation of the device 10 by inserting unheated segments 18. Heat 
generated in the high-absorption segments 20 can now also flow 28 in a longitudinal 
direction into the unheated areas surrounding the low-absorption segment 18. The presence 
of the contact metal 22 above the low-absorption segment 18 is important in providing a low- 

30 resistance path for heat flow 28 away from the heated areas surrounding the high-absorption 
segment 20. The heat flow 28 is no longer restricted to a cross sectional plane, but can flow 
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in all three dimensions. Thus, the effective thermal resistance of the absorbing segment 20 is 
significantly reduced due to the transition from two-dimensional to three-dimensional heat 
flow. The temperature increase of the segments 20 will be lower than in the case of two- 
dimensional heat flow. 

5 The number of low-absorption segments 18 and high-absorption segments 20, as well 

as their size and distribution, can be optimized according to the value of the absorption 
coefficients and the light intensity passing through the device 10. For example, it may be 
desired to use only one low-absorption segment 18, located at the input of the device 10. It 
has been determined by experiment that the best performance is obtained when the low- 
10 absorption segments 18 number from 1 to 10, although other numbers of segments 18, 20 
may also be used. 

Inserting more low-absorption segments 18, or making those segments 18 longer, will 
help to reduce the peak temperature of the device. However, a trade-off exists with device 
performance, as this technique will increase the total device length and therefore increase 

15 capacitance, which could compromise high-speed performance of the device 10. Therefore, 
it is desirable to vary the lengths of the low-absorption segments 18 and the high-absorption 
segments 20 axially along the device 10. At the front of the device, where the light intensity 
is high, it is desirable to have longer low-absorption segments 18 and shorter high-absorption 
segments 20, in order to take full advantage of the three-dimensional heat flow. In particular, 

20 it is desirable to have a low-absorption segment 1 8 at the input of the device 10, so that heat 
generated in the first high-absorption segment 20 can flow towards the device 10 input. 
Towards the back of the device 10, the high-absorption segments 20 can be longer and the 
low-absorption segments 18 can be shorter since the total amount of light absorbed is 
smaller. A low-absorption segment 18 at the end of the device 10 may be desired in order to 

25 promote three-dimensional heat flow in this section of the device 10. Typical lengths could 
be 2 to 30 urn for the low-absorption segments 18, and 2 to 1000 ^m for the high-absorption 
segments 24. FIG. 5 is a graphical representation of the absorption coefficient along the 
waveguide 14 in a typical structure. 

FIG. 6 is a graph that shows the axial light intensity in the new device design as 

30 compared to the prior art design, wherein plot 30 represents a single high-absorption segment 
20 and plot 32 represents distributed low- and high-absorption segments 18, 20. The light 



intensity decreases in the high-absorption segments 20. In low-absorption segments 18, 
however, the light intensity stays roughly constant indicating little absorption and therefore 
little photocurrent generation. Due to the segmentation, the light reaches further into the 
device. The total generated heat is distributed more evenly. The segmentation of the 
5 absorption length is equivalent to a smaller effective absorption coefficient at the front of the 
device and a higher effective absorption coefficient towards the end. The effective absorption 
coefficient is artificially modified over the length of the device without changing the real 
material properties. 

The local temperature rise along the ridge 16 will depend on many properties of the 

10 device 10 including the thermal conductivity of the materials, the bandgap of the waveguide 
14, the input optical power and wavelength, and the operating voltage. Taking these into 
consideration, the distribution of high-absorption segments 20 and low-absorption segments 
18 can be optimized to achieve the desired temperature profile. For example, FIG. 7 shows 
values of the temperature rise along the ridge 16 extracted from a detailed numerical model 

15 of operating devices, wherein plot 30 represents a single high-absorption segment 20 and plot 
32 represents distributed low- and high-absorption segments 18, 20. Temperature profiles 
are shown for two types of devices: a profile 30 for a device 10 in which a single high- 
absorption region 20 lies below the metal contact 22 (of length 250 |im), and a profile 32 for 
an improved device in which low-absorption segments 18 and high-absorption segments 20 

20 alternate in the area beneath the metal contact 22. The segment design for the latter device 
(starting from the device input) comprises the following: 10 ^im low-absorption, 10 ^m high- 
absorption, 15 (am low-absorption, 10 \im high-absorption, 15 |im low-absorption, 190 ^im 
high-absorption. In all other respects, the two devices in the model were identical. The 
simulation was performed for operating conditions of 30 mW input optical power at 1545 

25 nm, and an operating voltage of 4V DC. It is clear from FIG. 7 that the segmented 

absorption design leads to a much more uniform temperature distribution and a lower peak 
temperature. The low-absorption sections 18 improve heat flow near the front of the device, 
reducing the thermal runaway effects that are responsible for the large temperature rise in the 
device of prior art. Furthermore, optical power penetrates more deeply into the improved 

30 device, causing heating to be spread more uniformly. 
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An alternate embodiment of this invention is shown in FIG. 8. In this embodiment, 
two separate metal electrodes 34, 36 are used. The primary metal electrode 34 contacts only 
the high-absorption segments 20, while the secondary metal electrode 36 contacts only the 
low-absorption segments 18. This design limits the area of the primary metal electrode 34 to 
5 its minimum value, which may be desirable in order to achieve low capacitance for this 

electrode 34. The role of the secondary metal electrode 36 is to aid heat spreading by placing 
a metal pattern on the low-absorption sections 1 8 in close proximity to the heat sources in the 
high-absorption sections 20. 

Another embodiment of this design is realized by restricting proton implantation to 

10 occur only in the narrow separation between the two electrodes 34, 36, rather than along the 
entire length of the ridge cladding sections 24. In this embodiment, the presence of the 
secondary electrode 36 adds considerable flexibility to the device operation. The voltage 
applied to the secondary electrode 36 can be used to control the absorption coefficient in the 
low-absorption sections 18, allowing the overall absorption profile in the device to be 

15 adjusted at will. 

Other techniques may also be used to define the low-absorption sections 18 and high- 
absorption sections 20. For example, if the waveguide 14 is comprised of quantum well 
material, then selective-area disordering of the quantum wells may be used to define the low- 
absorption segments 18 and high-absorption segments 20 of the waveguide 14. Disordering 

20 of a quantum well waveguide has been demonstrated as an effective technique that can shift 
the onset wavelength of optical absorption. [1 1],[12] In this embodiment, a single metal 
electrode 22 may be used on top of the entire device 10, as shown in FIG. 1. Because 
implantation is not used, the material is identical in the regions 24 and 26 of the ridge 16. 
The voltage applied to the waveguide 14 is therefore constant throughout the device 10. The 

25 high-absorption segments 20 and low-absorption segments 1 8 are produced as a result of the 
quantum-well disordering procedures, which locally change the light absorption of the 
waveguide 14 as a function of voltage. 

The segmented absorber concept may be applied in numerous embodiments besides 
that shown in FIGS. 1 to 3. For example, the device 10 could be part of a multi-stage electro- 

30 absorption modulator (EAM). In tandem or dual stage electro-absorption modulators, two 
modulator sections are linked in series on a single ridge. [13], [14] The use of two or more 

10 



modulator sections has advantages in allowing independent control of attenuation and phase 
shift. FIG. 9 is a diagram of a dual-stage electro-absorption modulator 38 in which the 
present invention has been applied to the first modulator stage 40, while the second stage 42 
is a standard single-element modulator. Alternatively, the segmented absorber design might 
5 be applied to the second stage 42 of the modulator, or to both stages 40,42. 

A tandem or dual-stage modulator can also be achieved using a single segmented 
absorber design with two electrodes as shown in FIG. 8. As described above, if implantation 
is limited to the region between the two electrodes 34, 36, then the voltage on these 
electrodes can be used to independently control the absorption coefficients in the segments 
10 18 and 20. A tandem or dual stage electro-absorption modulator is thus realized by biasing 
the primary electrode 34 to control light attenuation and the secondary electrode 36 to control 
phase shift. 

The present invention is also applicable to other waveguide device designs where 
photocurrent is produced and it is desirable to limit the effects of self-heating. For example, 

15 FIG. 10 shows an example where the device 10 is part of a Mach-Zender interferometer 44. 
In a Mach-Zender interferometer 44, light is split between the two arms 46, 48 and then 
recombines again; the intensity of the output light can be modulated by altering the properties 
of one or both arms 46, 48 to create an interference effect. Photocurrent is generated in the 
arms 46, 48 when they are reverse-biased, and this can lead to significant heating and 

20 compromised device performance. The use of a segmented absorption design, with low- 
absorption and high-absorption segments 18, 20, can be applied in one or both arms 46, 48 
(as shown) to address this problem. 

Another example is the monolithic integration of electro-absorption modulators or 
Mach-Zender modulators with semiconductor laser diodes (either fixed wavelength or 

25 tunable in nature), semiconductor optical amplifiers, mode size converters, or photodetectors. 
[2] This invention can be applied to the modulator or photodetector sections of such devices, 
and FIG. 1 1 shows such an integrated structure, with a semiconductor optical amplifier 50 
included between a tunable laser diode 52 and modulator 54. To simplify processing of such 
devices, the proton implanted areas 24 needed to produce non-absorbing segments 18 in the 

30 modulator 54 can be produced in the same step that is used to isolate the various sections of 
the integrated device. In the specific embodiment shown in FIG. 11, these sections comprise 
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the rear mirror, phase, gain and front mirror sections 56, 58, 60, 62 of the integrated laser 
diode 52, as well as the semiconductor optical amplifier 50, and the modulator 54. 
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CONCLUSION 

This concludes the description of the present invention. The foregoing description of 
one or more embodiments of the invention has been presented for the purposes of illustration 
and description. It is not intended to be exhaustive or to limit the invention to the precise 
form disclosed. Many modifications and variations are possible in light of the above 
teaching. It is intended that the scope of the invention be limited not by this detailed 
description, but rather by the claims appended hereto. 
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